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PAPERS 


PRESSURES SHALLOW RECTANGULAR BIN 


AND SHAW? 


the design shallow rectangular bins support granular materials, 
some estimate must made the distribution and magnitude the pressures 
involved. the bin used transport granular materials that are subjected 
impact vibration during movement, the final pressures will different 
from the initial pressures. The tests described were undertaken obtain 
some information regarding the magnitude and possible variations such 
pressures. Strain and deflection measurements were made the sides and 
bottom small bin for loads wheat, gravel, and cement under both static 
and dynamic conditions; and direct comparisons were made with corresponding 
determinations for static water loadings that provided known pressures. 


INTRODUCTION 


The investigation described this paper was undertaken obtain informa- 
tion (1) the bulging pressures produced granular materials shallow 
containers and (2) the increases pressure likely occur these materials 
are compacted impact vibration. The problem arose connection with 
the design light-weight railway freight cars but would seem equal 
interest the design other types containers used transport granular 
materials. 

the design railway freight cars the usual practice compute lateral 
bulging pressures means the Rankine assuming full load 
wheat with angle repose 25°. this basis the bulging pressure 
computed 41% that which would obtained the wheat were re- 


comments are invited for publication; the last discussion should submitted 
February 1952. 
Chf., Eng. Design Div., Aluminum Research Labs., Aluminum Co. America, New Kensing- 
Pa. 

Research Engr., Eng. Design Div., Aluminum Research Labs., Aluminum Co. America, New 
Kensington, Pa. 

Report the Committee Car Construction (Div. Mechanical), through its Subcommittee 
Fundamentals Car Design, Proceedings, American Railway Assn., 1925, 332. 


SHALLOW RECTANGULAR BINS 


placed fluid the same weight. The distribution pressure assumed 
hydrostatic, varying uniformly from zero pressure the top max- 
imum the bottom. Although scarcely seems reasonable believe that 
such loading adequately covers all cases interest the design railway 
cars, there appears basis which judge the merits shortcomings 
this simple design rule. The assumption full fluid pressure offers 
possible solution, but view past experience such procedure seems unduly 
conservative. 

This paper describes attempt evaluate experimentally the over-all 
pressure effects produced the sides and bottom small rectangular bin 
loads water, wheat, common river gravel, and cement. The granular 
samples were selected represent widely different classifications material 
and were used both loose and vibrated conditions. The basic assumption 
underlying the investigation was that direct comparison the stresses and 
deflections produced the bin water loading (providing known pressures) 
and the corresponding values produced the granular materials would 
provide approximate basis for evaluating relative pressure effects. 

secondary but nevertheless interesting feature the tests was that they 
afforded opportunity study the structural behavior the bin itself 
under known water-pressure loading. Where possible, comparisons have 
been shown between measured and computed stresses and deflections illus- 
trate the types action involved. 


DESCRIPTION THE BIN 


The container for the tests was small, open-topped rectangular bin, 
constructed aluminum alloy sheet and shapes. Fig. showing the test 
bin bolted the vibration table, gives the essential structural details. The 
sides and bottom were fabricated from aluminum alloy sheets welding, and 
all stiffening members were attached riveting. The capacity the bin was 


PROCEDURE 


The first step the investigation was obtain measure the maximum 
stresses and deflections produced the principal elements the bin water 
loading. Subsequently, the bin was filled with wheat, gravel, and cement, 
and all parts this stress and deflection survey were repeated. 

The results two different series loading tests are reported. The first 
series provided general survey the static stresses and deflections produced 
loadings water, wheat, and gravel. Thesecond series showed the influence 
vibration and settlement the materials the magnitude the principal 
stresses and deflections. Dry cement well wheat and gravel were used 
these tests. 

Fig. shows the nature the vibration tests. The table was designed 
originally for tests loaded gasoline tanks and consisted bed plate (sup- 
ported springs the corners) which was attached rotating shaft 
carrying unbalanced flywheel. The rotation the shaft about 1800 
rpm produced vibration amplitudes 1/64 in. 1/32 in. under the bin 
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loads. This action was sufficient cause appreciable settling the 
materials. The vibration the bin was interrupted intervals permit 
the measurement strains and deflections, and test was stopped when 
was evident that further increases these determinations would ob- 


Granular Material 


Vibration Table 
Supported 
Enclosed Spring 
Each Corner 


Unbalanced Fly 
Opposite Sides Table 


tained. Although the total time vibration was several hours some cases, 
the maximum stresses and deflections were obtained after relatively short 
interval. Total settlements much in. in. were obtained from 
level starting position some the tests. The quantity material the 
bin, rather than the depth contents, was considered the significant 
factor these tests, however, and additions the original load were 
made. 

The measurements the bin included three types determination: 
(a) Lateral deflections the side panels, vertical stiffeners, and top rail; 
(b) bending stresses the side and bottom panels and the vertical stiffeners 
and top rail; and (c) vertical deflections the bottom. 

Lateral deflections were measured means dial indicator and suitable 
reference bar means mirrored scales attached the member ques- 
tion with fine reference wire stretched between its ends. The vertical deflec- 
tions the bottom, relative the floor, were measured with dial indicator. 

Strains were determined means SR-4 bonded wire, resistance-strain 
gages, and SR-4 strain indicator. The corresponding stresses were com- 
puted, using modulus elasticity 10,000,000 per in. for the sheet and 
10,500,000 per in. for the stiffeners and top rail. Distinctions moduli 
elasticity were necessary because all parts the bin were not made the 
same aluminum alloy. value Poisson’s ratio equal 1/3 was used where 
strains point were measured two directions, 90° apart, and where 
was necessary consider biaxial stress relationships. 
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Test loads were applied increments maximum depth fill 
in., most cases, within in. the top the bin. Although care 
was taken not compact the material the initial filling, was evident, 
from comparison some the stresses and deflections obtained for the same 


(a) STIFFENER LONG SIDE; STIFFENER LONG SIDE; 
VARIOUS DEPTHS WATER 28-IN. DEPTH 


2000 


(c) STIFFENER SHORT SIDE; (d) STIFFENER SHORT SIDE; 
VARIOUS DEPTHS WATER 28-IN. DEPTH WATER 


MEASURED THE STEM THE VERTICAL STIFFENERS 


STIFFENER SIDE; STIFFENER LONG SIDE; 


(c) STIFFENER 


VARIOUS DEPTHS WATER 28-IN. DEPTH WATER SHORT SIDE; 
DEPTH WATER 


0.04 
(d) SHEET LONG SIDE (e) SHEET LONG SHEET SHORT 
BETWEEN STIFFENERS; BETWEEN STIFFENERS; SIDE BETWEEN 
VARIOUS DEPTHS WATER 28-IN. DEPTH WATER STIFFENERS; 


DEPTH WATER 


DEFLECTIONS MEASURED THE VERTICAL STIFFENERS AND SIDE SHEETS 


kind loadings the two series tests, that quite different lateral pressures 
were obtained few cases. For each increment loading the top surface 
was leveled off, and the corners filled before any measurements 
were taken. 


| 
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RESULTS AND 


Analysis Lateral data presented Figs. and 
and Tables and indicate the general behavior the bin the static tests 
and emphasize the fundamental difference between the lateral pressures pro- 


TABLE 
PER SQUARE INcH Top 


TABLE STRESSES 
PER SQUARE INCH 
DEPTH 


ig. 
(1) (2) (3) (4) (5) Material 
+3,200 +4,500 —2,400 —2,000 Top Under Top Under 
—1,800 +900 side side side side 
—2,100 —2,700 1,200 1,200 
Average stresses observed points Wheat —9,500 +10,800 —2,300 +4,000 


and Fig. Gravel —9,500 —2,800 +3,500 


Center 


— 


(b) PLAN VIEW TOP SHOWING (c) LATERAL DEFLECTIONS 
LOCATION STRAIN-GAGE TOP RAIL LONG SIDE 


Fic. AND DEFLECTIONS Top 


duced water and those produced granular materials. (For the location 
sections Table see Fig. 5(a).) The maximum static stresses and deflec- 
tions, measured the sides under 28-in. depth water, exceeded wide 
margin those produced the same depth wheat and gravel. Differences 


Gravel 
In. 0.02 In. 
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between the lateral pressures exerted various granular materials are 
emphasized the fact that the stresses and deflections under 28-in. depth 
wheat exceeded many cases those obtained for 28-in. depth gravel 
weighing almost twice much. 
Table lists the maximum stresses and deflections measured the first 
series tests and gives the corresponding fluid-pressure factors, determined 


(a) LOCATION STRAIN GAGES (b) SECTION 
AND SECTIONS 28-IN. DEPTH 


(c) SECTION (d) SECTION 
VARIOUS DEPTHS WATER 28-IN. DEPTH 


the following relation: 


which: the fluid-pressure factor; the stress (or deflection) produced 
granular material; the stress (or deflection) produced water; 
the weight water; and the weight granular material. The fluid-pres- 
sure factor, introduced for comparative purposes, the ratio the pressure 
produced the granular material the pressure produced the same depth 
liquid equal weight (see Table 4). will noted that the factors 


Loads¢ 


(1) 


Water 
Wheat 
Gravel 
Cement 


Water 
Wheat 
Gravel 


Water 
Wheat 
Gravel 
Cement 
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TABLE MEASURED AND 


VIBRATION VIBRATION AFTER VIBRATION 


(a) STIFFENER Stresses INCH FROM THE 
Borrom; AND DEFLECTIONS INCHES FROM THE 


AND DEFLECTIONS INCHES FROM THE 
(c) SHEET THE MIDDLE PANEL THE LoNG INCHES 
INCHES FROM THE 
0.141 0.53 0.163 0.59 0.228 0.82 
0.103 0.20 0.260 0.55 0.301 0.66 


(d) SHEET THE MIDDLE PANEL THE DEFLECTIONS INCHES FROM THE 


Water 
Wheat 
Gravel 


Water 
Wheat 
Gravel 


Water 
Wheat 
Gravel 


Water 
Wheat 
Gravel 
Cement 


0.028 0.19 
(e) Top THE CENTER THE LONG SIDE 


3,200 1.00 0.060 1.00 
1,350 0.52 0.018 0.37 
1,600 0.31 0.022 0.23 


2,100 1.00 
0.35 
600 0.18 


(g) Borrom SHEET THE CENTER THE MIDDLE PANEL 


For total weight loads different depths refer Table Maximum stress pounds per 
square inch. Fluid-pressure factor; see Eq. 
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given for wheat, based measurements the vertical stiffeners and the 
side sheets the bin (Tables 3(a), 3(b), 3(c), and 3(d), Cols. and ranged from 


0.33 0.53. The mean this observed range compares quite favorably with 


the factor 41% for wheat computed accordance with the usual freight 
car design specifications. The cor- 
responding observed factors for the 
were appreciably lower, 

ranging from 0.15 20.0. 
Table also lists the stresses and 
deflections and corresponding fluid- 

MATERIAL 

(2) (3) (6) from comparison results that 

lateral pressure were obtained under 
posed about the same. The 


first time the bin was filled with gravel, for example, the maximum measured 
stress the stiffener the long side was 4,600 per in. Under the 
second loading, which the total weight material was about 10% less 
than the first tests, the stress the same point was 8,800 per The 
measured lateral deflections for the stiffener the long side indicated ap- 
proximately the same wide difference pressures. For the wheat loadings 
the two series tests, however, the stresses and deflections were close 
agreement. These results emphasize the complex nature the problem 
considered and the difficulty obtaining very exact solution. 

The vibration tests demonstrated that, when bin loaded with granular 
materials was vibrated, the lateral pressure increased. The maximum stresses 
measured the vertical stiffener the long side indicated fluid-pressure 
factors after vibration 0.50 0.51 for all three granular materials (Col. 11, 
Table 3), whereas the corresponding range factors before vibration was 
deflections the vertical stiffener and the side panel midway between stif- 
feners the long side ranged from 0.63 0.82 (Col. 13, Table after vibra- 
tion, compared range 0.16 0.59 (Cols. and Table before 
vibration. 

Fig. shows the range fluid-pressure factors indicated for the sides 
the bin for all loadings summarized Table Corresponding computed 
factors, determined the Rankine formula, are included for comparison. 


The Rankine formula is: 


which the total lateral pressure per horizontal foot, pounds; the 
depth material feet; and the angle repose degrees. value 
equal 25° was assumed for wheat accordance with the procedure usually fol- 
lowed railway car design. Values equal 30° and 35° were selected for 


STRESSES AND DEFLECTIONS 
TABLE 
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gravel and cement, respectively, being within the range values commonly 
quoted for these materials. 

The diagrams Fig. indicate several significant trends regarding lateral 
bulging pressures. will noted that the range observed fluid-pressure fac- 


1.00 


Water Loading Second Loadings 
After Vibration Test 
Factors Computed efore Vibration Test 
Rankine Formula First Loadings 
0.60 
ao 
0.40 
SS 


Scale 


tors for the loose loadings (before vibration) were generally above those computed 
the Rankine formula. Close agreement between pressures produced 
different lots loadings the same kind materials should not expected. 
Gravel and cement are apparently more susceptible such variations than 
wheat, which was generally the most “fluid” its behavior. Vibration the 
test bin resulted definite increases bulging pressures over those observed 
the initial static loading. significant that the mean fluid-pressure 
factor indicated for wheat after vibration was about 50% greater than the 
computed value. Moreover, the factors for cement and gravel were almost 
equal that for wheat. the latter basis, cement and gravel may produce 
considerably greater bulging pressures than wheat, possibility which appar- 
ently not recognized present railway car specifications. The findings 
these tests, therefore, indicate that lateral fluid-pressure factor 
0.6 should assumed for all the granular materials considered, where 
evident that impact vibration may encountered. 

The measurements stress (shown Table and deflection (shown 
Fig. the central panel the bottom reflect behavior quite different 
from that which would normally assumed design. Nevertheless, the 
action was probably quite typical that found thin-walled, flat-sided 
containers under small normal pressures. The central panel the bottom had 
initial upward are almost 5/16 in. Under the first 6-in. increment 
load this bow out,” and the panel acquired sag almost great 
the initial upward bow. such position the bottom was subjected 
membrane action, involving direct stresses well bending, much sooner 
than the downward deflections had increased gradually from flat starting 
position. 

will noted Tables and the differences between the measured 
stresses and deflections for the bottom under the water and the granular- 
material loadings were not nearly marked those observed for the sides 
the bin. Consequently, the behavior the bottom did not provide sensi- 
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tive basis for estimating fluid-pressure factors. Although the factors shown 
for wheat were slightly greater than unity, this result interpreted mean that 
the pressure the bottom was close the full fluid-pressure value. Vibration 


the wheat resulted significant change pressure the 


Cement and gravel, which are generally considered less fluid than 
wheat under static conditions, showed fluid-pressure factor 
under vibration, the final values ranging from 0.85 0.92. far the 
practical design the bottom shallow containers under these types 
that is, the bottom should designed carry the full weight the material 
supported. 

Analysis Structural attempt made analyze the mea- 
sured stresses and deflections few locations the interest design proce- 
dures has given some insight into the actual structural behavior the bin. 
The vertical stiffeners exhibited the highest stresses, and for that reason they 
were perhaps the elements most susceptible study this kind. Three 
factors are involved any computation stiffener stresses: (1) The amount 
side sheet effective with the stiffeners bending; (2) the conditions re- 
straint the ends the stiffeners; and (3) the total load carried the stif- 
feners, assuming hydrostatic distribution pressure over their depth. 

Effective widths side sheet depend the type loading, the length 


TABLE LATERAL BENDING STRESSES VERTICAL 
STIFFENERS 28-INcH WATER LOADING 


bottom width, moment, moment, Square 
number inches inches inches 
(1) (2) (3) (4) (5) (6) (7) (8) 
. 
10,000 +100 2.2 +272 +286 10,500 
6,000 +150 3.9 +170 +158 +5,600 230 
8,900 +250 3.9 +254 +240 +8,500 360 
6,700 3.9 +190 +164 +5,800 240 


The location strain measurements the stem shown Fig. Measurements were made 
the edges the flanges the same sections. 


the stiffener, and the number and effectiveness the connections between 
the stiffener and the sheet. These widths were evaluated experimentally 
comparing the average measured stresses the stiffener flanges with those 
measured the outstanding stem. was assumed that the point zero 
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bending stress and the location the neutral axis bending given sec- 
tion could determined linear extrapolation from these measured stresses. 
this basis the effective widths were estimated range from zero the 
bottom the stiffener maximum value 3.9 in. Values for all sections 
are listed Table 

The end restraint the bottom the stiffeners was estimated from the 
shape the bending stress-distribution diagrams shown Fig. the 
stresses the outstanding stem were not particularly sensitive the effective 
width sheet for given value bending moment, was assumed that the 
point zero moment coincided with the point which the stress-distribution 
diagrams for the water loading passed through zero stress. These locations 
corresponded degrees end fixity about 80% for the stiffener the 
long side (where the outstanding stem was riveted the channel base support) 
and 40% for the stiffener the short side, where only the flange was riveted 
the base member. The moment the top the stiffeners was assumed 
zero both cases. 

The total lateral pressure carried the stiffeners was determined that 
necessary produce bending moment the bottom (Section Fig. 
consistent with that indicated the measured stresses the stem the 
stiffener that section. stiffeners both the long and short sides the 
bin the width loaded strip necessary provide this moment was roughly 
only about one half that which would have been used the total lateral load 


each side had been distributed between the ends and the intermediate 


stiffeners. 

Table compares the stresses measured the stiffeners and those deter- 
mined computation for the conditions effective width, end fixity, and 
loaded width indicated previously. appears from the generally good agree- 
ment shown that fairly accurate evaluation these design factors was 
obtained. 

should pointed out that the maximum measured lateral deflection 
the stiffener the short side the bin was within few percent that 
computed the basis the same assumptions made the computation 
stresses. The deflection computed for the stiffener the long side, however, 
was only about one half that measured. The latter result does not indicate 
marked inconsistency might first appear, however, since the deflections 
and stresses were not measured the same stiffener. Apparently there was 
considerable difference the loads carried adjacent stiffeners the long 
side investigated. 

shown Table the stresses measured the top rail were fair 
agreement with those computed, assuming that the top acts continuous 
rectangular frame uniform moment inertia. The question effective 
width sheet was again involved, but, view the location the point 
attachment the sheet the vertical leg the top angle, seemed reason- 
able neglect this The maximum lateral deflection computed for 
the top rail the long side was also good agreement with that measured. 
The lateral load each rail was assumed uniformly distributed along 
the length and equal one third the total pressure the side below it. 
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computing maximum stress and deflection the bottom, assumptions 
end conditions were made. Fig. demonstrates the assumptions for the 
center the middle panel. The comparison measured and computed 
stresses and deflections shown for the bottom the bin Fig. illustrates the 


100% Fixity 


- 


In. Span 


marked influence that initial out-of-flatness may have the behavior 
sheets under small normal pressures. The initial upward bow the central 
panel, previously referred to, greatly altered the action the sheet from that 
which would normally assumed. Nevertheless, the observed relations 


Depth Computed for Bending 
Water Plus Direct Stress 


for 
Bending Only 


Observed average 
Observed 


Top and 
Under 


4000 
per In. 


Pressure Bottom, per In. 


(a) DEFLECTIONS (b) STRESSES PERPENDICULAR 
CHANNEL SUPPORTS 


between loads, deflections, and stresses paralleled quite closely those computed, 
assuming that the central bottom panel acts flat plate bent cylindrical 
the sheet had been flat the beginning, appears that fair 
agreement between measured and computed stresses and deflections would 
have been obtained. 


SUMMARY AND CONCLUSIONS 


Although this investigation bin pressures was undertaken the interest 
railway freight car design, the results are believed equally applicable 
the design other types shallow containers for granular materials. The 
following observations regarding the pressures indicated the test bin for 
wheat, cement, and gravel loadings, both loose and vibrated conditions, 
appear most significant: 


The lateral bulging pressures indicated the loose granular loadings 
(before vibration) were generally somewhat higher than those computed the 
Rankine formula, using accepted values angle repose; 


Timoshenko, Van Nostrand Co., Inc., New York, Y., Ed., 
Part II, 1941, 119. 


Direct Stress 
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The lateral pressure produced any given granular material may vary 
over quite wide limits, depending the manner which the container 
loaded and whether the material, after being placed, compacted impact 
vibration; 

the design shallow containers where vibration known 
factor, proposed that the lateral bulging pressure taken 60% that 
computed for fluid having the same weight the granular material 

The bottom such containers should designed carry the full weight 
the loading; 

The measurements the bottom the bin indicate that the structural 
action the panels between stiffeners was complicated considerably the 
initial waviness the sheet. Since this common characteristic thin- 
walled, welded containers, appears that attempts refined exact analyses 
the bending action side bottom panels under small normal pressures 
are not justified; 

The analysis the observed behavior the vertical stiffeners and 
the top rail (which were the basic strength elements the bin) indicate the 
importance such considerations effective widths sheet, end restraint, 
and load distribution the design members this type. 
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